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Abstract 
To investigate whether venous occlusion plethysmography (VOP) may be used to measure 
high rates of arterial inflow associated with exercise, venous occlusions were performed at 
rest, and following dynamic handgrip exercise at 15, 30, 45, and 60 % of maximum voluntary 
contraction (MVC) in seven healthy males.  The effect of including more than one cardiac 
cycle in the calculation of blood flow was assessed by comparing the cumulative blood flow 
over one, two, three, or four cardiac cycles.  The inclusion of more than one cardiac cycle at 
30 and 60 % MVC, and more than two cardiac cycles at 15 and 45 % MVC resulted in a 
lower blood flow compared to using only the first cardiac cycle (P < 0.05).  Despite the small 
time interval over which arterial inflow was measured (~1 second), this did not affect the 
reproducibility of the technique.  Reproducibility (coefficient of variation for arterial inflow 
over three trials) tended to be poorer at the higher workloads, although this was not significant 
(12.7 ± 6.6 %, 16.2 ± 7.3 %, and 22.9 ± 9.9 % for the 15, 30, and 45 % MVC workloads; 
P=0.102).  There was also a tendency for greater reproducibility with the inclusion of more 
cardiac cycles at the highest workload, but this did not reach significance (P=0.070).  In 
conclusion, when calculated over the first cardiac cycle only during venous occlusion, high 
rates of FBF can be measured using VOP, and this can be achieved without a significant 
decrease in the reproducibility of the measurement. 
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Introduction 
Venous occlusion plethysmography (VOP) has been used to measure limb blood flow for 100 
years (Hewlett and Van Zwaluwenburg 1909) and despite the availability of newer methods, 
it remains popular because it is non-invasive, inexpensive, and simple in principle and 
practice (Joyner et al. 2001; Radegran 1999).  This technique was predominantly used to 
measure resting blood flow, and the modest changes in blood flow associated with 
physiological and pharmacological interventions, but it has also been used to measure the 
blood flow response to static and dynamic exercise (Alomari et al. 2004; Joyner et al. 2001). 
 
Although VOP has made a substantial contribution to what is known about the blood flow 
response to exercise (Joyner et al. 2001); the technique may not be suitable to measure the 
very high rates of arterial inflow associated with exercise (Tschakovsky et al. 1995).  Blood 
flow is calculated from the slope representing the change in limb volume over several seconds 
during a period of venous occlusion (Formel and Doyle 1957).  It is assumed that the rate of 
arterial inflow is constant during the period of measurement, and this is likely the case for low 
rates of arterial inflow when cuff inflation is rapid (Hewlett and Van Zwaluwenburg 1909), 
venous volume is low with respect to venous capacity at the onset of cuff inflation 
(Beaconsfield and Ginsburg 1955), and the pressure in the cuff is high enough to arrest 
venous outflow while not disrupting arterial inflow (Barendsen et al. 1971).  However, it has 
been shown that this may not apply to high rates of arterial inflow such as those associated 
with exercise, leading to an underestimation of limb blood flow (Tschakovsky et al. 1995).  
Forearm blood flow (FBF) was measured using Doppler ultrasound and VOP simultaneously 
following a static contraction at 35 % of maximum voluntary contraction (MVC) and a 
decrease in the slope reflecting the change in limb volume over four cardiac cycles during 
venous occlusion was observed, suggesting that the window for measuring arterial flow in 
such circumstances may be very brief, perhaps as short as one heartbeat (<1 second). While 
possibly more accurate, an issue with using such a short time frame, is the potential for 
greater variability in the measurement.   
 
Therefore, the main aim of this study was to determine the extent to which FBF may be 
underestimated if it is derived from the slope over a single cardiac cycle compared with 
multiple cardiac cycles at rest, and following dynamic handgrip exercise across a range of 
intensities.  A secondary aim was to examine whether measuring slope over such a short time 
interval decreases the reproducibility of this technique. 
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METHODS 
Seven healthy males volunteered to participate in this study after being provided with full 
written and verbal descriptions of the experimental procedures.  The participants had a mean 
age of 29 ± 7 years, height 176.7 ± 7.8 cm, and mass 72.0 ± 13.1 kg.  All participants 
provided written informed consent, and all protocols were approved by the Human Research 
Ethics Committee of the Queensland University of Technology, Brisbane, Queensland.   
 
Experimental design 
Seven participants completed four, five minute bouts of handgrip exercise at 15, 30, 45, and 
60 % MVC.  The participants then repeated these workloads twice more (giving three trials at 
each workload) to determine the within-day reproducibility of FBF using VOSGP.  The order 
of workloads was randomised to avoid an order effect.  Ten minutes of recovery was allowed 
between exercise bouts, since it has been shown that eight minutes is sufficient for blood flow 
to return to baseline levels in the leg (Green et al. 2000).  Furthermore, pilot work in our 
laboratory indicated that blood flow in the forearm had returned to baseline values within this 
time period.  Participants were permitted to eat a typical light meal in the three hours prior to 
the testing session, given that the session was ~4.5 hours in duration, but were asked to refrain 
from consuming caffeine and alcohol in the 12 hours prior to testing.   
 
Handgrip exercise was performed in a semi-supine position.  FBF was measured via VOSGP 
pre-exercise (rest), each minute during exercise, and immediately prior to each exercise bout 
following 10 minutes of recovery.  Given the long duration of the testing session, participants 
were allowed to place their arm below the level of the heart during the recovery period 
between exercise bouts.  The arm was returned to the above heart position at least two 
minutes prior to the next exercise, and resting blood flow was measured prior to the start of 
the next exercise bout. 
 
Handgrip exercise 
All handgrip exercise was performed using a Digital Pinch/Grip Analyser (MIE Medical 
Research Ltd, Leeds, UK).  The force produced by squeezing the device was measured by a 
Multi Analyser, and collected and analysed using the accompanying WinCAS software (MIE 
Medical Research Ltd, Leeds, UK) (Rojek et al. 2007).   
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Maximum voluntary contraction (MVC) 
Prior to the first trial, participants completed a MVC test for the determination of peak 
handgrip force.  Each participant completed three, three second trials, each separated by one 
minute of rest.  MVC for each trial was taken as the peak force exerted during the three 
seconds.  The MVC recorded for each participant was the average of three trials. 
 
Submaximal exercise bouts 
Handgrip exercise involved squeezing the handgrip dynamometer in time with a metronome 
with a contraction frequency of 20 contraction cycles per minute.  Each cycle consisted of a 
one second contraction followed by two seconds of rest, a duty cycle that has been used 
previously (Saunders et al. 2005; Shoemaker et al. 1997; Shoemaker et al. 1999; Wilkins et al. 
2006).  The force production for each contraction was displayed in front of the participant on 
a visual scale.  A target zone (±5 % of the target force) was marked in green on the scale and 
participants were asked to aim for this region with each contraction.  Exerting a force on the 
handgrip dynamometer moved a vertical bar which turned from red to green when it was 
within the target zone.  In addition to this visual feedback, verbal encouragement was given as 
necessary.  Exercise was ceased when a participant failed to keep pace with the metronome, 
or if they failed to meet the target three times in a row. 
 
Venous occlusion plethysmography (VOP) 
With the participant in a semi-supine position, the exercising arm was positioned so that the 
upper arm was extended at 90 degrees to the body with the elbow bent also at 90 degrees to 
be parallel with the body.  The forearm was then positioned ~10 cm above the level of the 
heart to facilitate venous drainage (Hewlett and Van Zwaluwenburg 1909).  High-density 
foam blocks were placed under the elbow and wrist to support the arm so that the portion of 
the forearm under the strain gauge was not in contact with the foam.  The handgrip 
dynamometer was placed in the participant’s hand and rested on foam to minimise the 
contribution of a static contraction as a result of supporting the device, and to minimise the 
chance of movement during blood flow measurements.  A mercury-in-Silastic strain gauge 
(Hokansen, Bellevue, WA) was placed 5-7 cm distal to the olecranon process and was held in 
place using surgical tape.  A venous collecting cuff (11.5 cm in width) was placed around the 
upper arm 5 cm proximal to the elbow, and a paediatric cuff (8 cm in width) was placed 
around the wrist.  All measurements of flow were made using a venous collecting cuff 
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pressure of 50 mmHg.  During each rest period, five blood flow measurements were made 
over a 90 second period by rapidly (<0.3 seconds; E20 Benchtop Cuff Inflator, Hokansen, 
Bellevue, WA) inflating and deflating the venous collecting cuff.  Venous occlusions lasted 
10 seconds and were separated by 10 second rest periods.  Since plethysmography is highly 
sensitive to movement, the exercising flow measurements were made each minute during 
brief (5-7 second) pauses in contractions.  Finally, to exclude the contribution of the hand 
circulation from the measurement, a wrist cuff was inflated to 200 mmHg one minute prior to 
the measurement at rest (Kerslake 1949), and for the final 10-15 seconds of each minute 
during exercise.  Pilot testing demonstrated that occlusion for durations longer than this 
during handgrip exercise were associated with considerable discomfort and an inability to 
maintain the required handgrip force.  
 
Calculation of forearm blood flow (FBF) 
The strain gauge was calibrated according to the manufacturer (Hokansen), such that a 1% 
change in voltage was equal to a 1% change in limb volume.  All measurements were 
expressed in millilitres per minute per 100 millilitres of forearm volume.  To determine 
whether slope decreased during venous occlusion, slope was measured for each of the first 
four cardiac cycles during the occlusion (CC1, CC2, CC3, and CC4; Figure 1 Panel A).  To 
determine the extent to which including more than one cardiac cycle affected the calculation 
of FBF, the cumulative slope was also determined over the first (CC1), first two (CC1-2), first 
three (CC1-3), and first four (CC1-4) cardiac cycles (Figure 1 Panel B).  A cardiac cycle was 
taken as the record between two consecutive R waves from the electrocardiogram which was 
recorded simultaneously with plethysmography.  The first cardiac cycle (CC1) began with the 
first R wave during venous occlusion after disregarding any artefact at the start of the 
occlusion period that was attributed to cuff inflation or movement (Tschakovsky et al. 1995).  
The data used for this purpose was taken from the first trial at each workload for each 
participant.   
 
Systemic cardiovascular response 
Arterial blood pressure was measured prior to, and during each exercise bout using the 
auscultatory method with the arm supported at the level of the heart.  Heart rate was measured 
by three-lead electrocardiogram.  Signals were sampled simultaneously at 1000 Hz using a 
data acquisition system (PowerLab 8/30 ML870, AD instruments) and analysed with the 
accompanying software (Chart Pro v5, AD Instruments). 
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Analysis and statistics 
All statistical analyses were performed with SPSS 14 for Windows.  Data for all analyses are 
from the final (fifth) minute of each workload, except at the 60 % workload, when data are 
from the final minute before fatigue.  Data are presented as mean  SD unless otherwise 
indicated.  Differences were considered significant if P < 0.05.  To determine whether 
handgrip exercise at 15, 30, 45, and 60 % MVC resulted in changes in heart rate and mean 
arterial pressure (MAP), a repeated-measures ANOVA with Bonferroni correction for 
multiple comparisons, with workload (15, 30, 45, and 60 % MVC) as the within-subjects 
factor, was performed for each variable.  To test the hypothesis that slope would decrease 
with each cardiac cycle during venous occlusion, a repeated measures ANOVA with 
Bonferroni correction for multiple comparisons was used with time (Rest, CC1, CC2, CC3, 
and CC4) and workload (15, 30, 45, and 60 % MVC) as the within-subjects factors.  To test 
the hypothesis that calculating slope over more than one cardiac cycle would result in a lower 
forearm blood flow than if it was calculated only over the first cardiac cycle, repeated 
measures ANOVA with Bonferroni correction for multiple comparisons was used with time 
(Rest, CC1, CC1-2, CC1-3, CC1-4) and workload (15, 30, 45, and 60 % MVC) as the within-
subjects factors.  When main effects were significant, separate repeated measures ANOVA 
was performed for each workload to determine where differences occurred over the four 
cardiac cycles.  RM ANOVA with workload (15, 30, and 45 % MVC) and time (CC1, CC1-2, 
CC1-3, CC1-4) was performed to determine whether the within-day reproducibility (as the 
coefficient of variation) was different depending on the number of cardiac cycles used to 
calculate blood flow.  The coefficient of variation was calculated from the mean and standard 
deviation for the FBF over three trials at each of the 15, 30, and 45 % MVC workloads.  
There were too few data to compute reproducibility for the 60 % workload. 
 
RESULTS 
The subjects achieved a maximum voluntary contraction of 424 ± 63 N.  All participants were 
able to complete five minutes of exercise at the 15, 30, and 45 % MVC workloads.  However, 
not all participants were able to complete the full five minutes at the 60 % MVC workload; 
five participants completed all five minutes, one participant completed four minutes, and 
another, two minutes. 
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Systemic response 
Heart rate increased with exercise (rest 58 ± 8 bpm, 15 % MVC 62 ± 6 bpm, 30 % MVC 62 ± 
8 bpm, 45 % MVC 67 ± 10 bpm, 60 % MVC 78 ± 12 bpm; P < 0.05 for the main effect of 
workload) but was significantly higher than rest only at the 60 % MVC workload (P < 0.05).  
Mean arterial pressure also increased with exercise (rest 91 ± 5 mmHg, 15 % MVC 93 ± 5 
mmHg, 30 % MVC 93 ± 4 mmHg, 45 % MVC 98 ± 6 mmHg, 60 % MVC 105 ± 7 mmHg; P 
< 0.05 for the main effect of workload), and was higher than rest at the 45 and 60 % MVC 
workloads (P < 0.05).  
 
Forearm blood flow response 
FBF increased over time at each workload (P < 0.05 for the main effect of time).  FBF was 
higher than resting values after the first minute of exercise at each workload (P < 0.05), with 
no further increases over the five minute exercise bout at the 15 and 30 % MVC workloads.  
FBF continued to increase until the second minute at the 45 % MVC workload but was stable 
thereafter (P > 0.05).  There are too few data to perform statistics on the 60 % MVC 
workload.  FBF was not different between workloads at rest (P = 0.212).  In the first and 
second minute of exercise, FBF at the 30 and 45 % MVC workloads was similar (P > 0.05), 
and higher than at 15 % MVC (P < 0.05).  From the third to fifth minute, FBF was different 
between the three workloads (P < 0.05). 
 
Arterial inflow during venous occlusion 
Table 1 shows FBF calculated from the slope taken over the first, second, third, and fourth 
cardiac cycles (CC1, CC2, CC3, and CC4) during venous occlusion at rest and following 
exercise.  When FBF was compared between the first, second, third, and fourth cardiac 
cycles, there was a significant main effect for time for resting FBF (P < 0.05), although 
differences between individual cardiac cycles did not reach significance.  Following exercise, 
FBF for CC2, CC3, and CC4 was lower than CC1 at the 30, 45, and 60 % MVC workloads (P 
< 0.05) and CC3 and CC4 were each lower than CC1 at the 15 % MVC workload (P < 0.05). 
 
Figure 2 and Table 2 show the FBF calculated from the cumulative slope over the first one, 
two, three, or four cardiac cycles during venous occlusion (CC1, CC1-2, CC1-3, and CC1-4).  
Comparison of FBF between these conditions revealed that FBF was lower than CC1 with the 
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inclusion of two or more cardiac cycles at the 30 and 60 % MVC workloads, and with three or 
more cardiac cycles at the 15 and 45 % MVC workloads (P < 0.05). 
 
Reproducibility 
Table 3 shows the coefficient of variation for FBF when calculated from one, two, three, or 
four cardiac cycles for the 15, 30, and 45 % MVC workloads.  The between-trial 
reproducibility in FBF was similar between workloads (P=0.102).  There was a tendency 
towards greater reproducibility when FBF was calculated over more cardiac cycles, although 
this was not significant (P=0.070).  There was also a tendency towards an interaction between 
workload and the number of cardiac cycles used to calculate FBF (P=0.059), with the 45 % 
MVC workload (only) showing a systematic improvement.  
 
DISCUSSION 
The main findings of this study were that: 1) FBF can be determined over at least four cardiac 
cycles at rest, 2) that the inclusion of more than one cardiac cycle in the measurement of slope 
results in an underestimation of FBF at high rates of arterial inflow following mild to severe 
dynamic handgrip exercise, 3) that the between-trial reproducibility was similar when 
measured from a single cardiac cycle compared with two, three, or four cardiac cycles for the 
mild to moderate workloads.  
 
Using VOP to measure high rates of arterial inflow 
VOP is based on the principle that with the veins occluded, changes in limb volume can be 
attributed to changes in arterial inflow (Joyner et al. 2001).  When certain assumptions are 
met, there should be a period following cuff inflation during which arterial inflow is 
unaffected by the rising venous pressure (Barendsen et al. 1971; Beaconsfield and Ginsburg 
1955; Formel and Doyle 1957; Hewlett and Van Zwaluwenburg 1909).  With a low initial 
pressure, and low rate of arterial inflow, the initial increase in limb volume is believed to 
occur over the compliant phase of the venous pressure-volume curve.  As such, FBF was 
traditionally calculated from paper records by drawing a line along the initial, steep portion of 
the volume-time curve, typically several seconds in duration (Formel and Doyle 1957).  This 
method should be acceptable for use in the resting forearm, given the low rate of arterial 
inflow. 
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In the present study, although slope tended to be lower with the inclusion of more than one 
cardiac cycle at rest (Figure 2), the reduction in calculated FBF over four cardiac cycles was 
small (less than 10%).  Also, there was no systematic decrease in slope between cardiac 
cycles at rest (Table 1), indicating that arterial inflow at rest was unaffected by cuff inflation, 
at least over the first four cardiac cycles during venous occlusion (Table 2).   
 
In contrast, at high rates of arterial inflow, the window for obtaining valid estimates of arterial 
inflow may be very brief.  When arterial inflow is ~20 mL.min-1.100mL-1, venous pressure 
may reach cuff pressure in just a few seconds (Brown et al. 1966).  Indeed in dogs with 
arterial inflows as low as ~8 mL.min-1.100mL-1, venous pressure may reach a cuff pressure of 
70 mmHg within just two cardiac cycles during occlusion (Hellige et al. 1979).  This is in 
agreement with the findings of Tschakovsky (Tschakovsky et al. 1995) who compared 
forearm blood flow with and without venous cuff inflation to 50 mmHg using Doppler 
ultrasound following dynamic handgrip exercise that had elevated forearm blood flow to 22-
24 mL.min-1.100mL-1.  For the first cardiac cycle only during venous occlusion arterial inflow 
was similar to the ‘unobstructed’ flow condition, but was lower for all subsequent cardiac 
cycles. 
 
The findings of the present study are also consistent with a rapid reduction in arterial inflow 
during venous occlusion and provide a quantitative estimate of the extent to which this may 
affect FBF.  The change in arterial inflow over four consecutive cardiac cycles was analysed 
in two ways in the present study.  Firstly, slope, which represents the rate of change in arterial 
inflow during the venous occlusion, was compared between the first four cardiac cycles.  
During venous occlusion, there was a decrease in the slope over each of the first four cardiac 
cycles, which was more pronounced at the higher workloads (Tables 3 & 4).  However, FBF 
has been measured using the slope over several consecutive cardiac cycles.  As such, the 
cumulative slope over one, two, three, or four cardiac cycles was measured to quantify the 
extent to which including more than one cardiac cycle affected the calculation of FBF.  
Compared to the first cardiac cycle (CC1) alone, the inclusion of just two cardiac cycles 
(CC1-2) in the measurement of slope resulted in reductions in calculated FBF of 9, 16, 18, 
and 26 % for the 15, 30, 45, and 60 % MVC workloads (Figure 2 and Table 2).  Although the 
reduction in FBF was substantial at each workload when slope was determined over two 
cardiac cycles, it was significant only at the 30 and 60 % MVC workloads.  The inclusion of a 
third or fourth cardiac cycle resulted in significant reductions in FBF at all workloads.  This 
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may be explained in light of the variability in FBF as indicated by the reproducibility of the 
measure. The 9 % reduction in FBF at 15 % MVC workload as a result of including of a 
second cardiac cycle is less than the variability in the measurement of FBF 10-22 % (Table 
3). Therefore it is possible that the difference between the first two cardiac cycles is simply 
due to measurement error. The 45 % MVC workload did not achieve statistical significance, 
but this was probably only due to the small sample size as the p value approached 
significance.  When slope was determined over four cardiac cycles blood flow was reduced by 
26 % at the lowest workload (15 % MVC), an effect that became more pronounced as 
workload increased, with a 50 % reduction at the 60 % MVC workload. 
 
When the rate of arterial inflow is high, such as following heavy exercise, the decrease in the 
apparent rate of arterial inflow measured using VOP is rapid, and the window for measuring 
blood flow is very short.  Therefore, a possible issue with calculating FBF from as few as one 
cardiac cycle is the potential trade-off between accuracy and reproducibility.  Given the long 
history and broad application of venous occlusion strain gauge plethysmography (VOSGP), it 
is surprising how few studies detail the reproducibility of measurements obtained from this 
technique.  Of those that have, reproducibility has been reported anywhere between good and 
very poor with within-day coefficients of variation (CVs) for resting forearm blood flow 
between 4.9 (Fehling et al. 1999) and 16.7 % (Van Beekvelt et al. 2001), and between-day 
CVs ranging between 10.5 (Roberts et al. 1986) and 39.0 % (Petrie et al. 1998).  Even fewer 
studies have investigated the reproducibility of FBF measurements during exercise (Arnold et 
al. 1990; Petrie et al. 1998), although the technique has been used for this purpose. 
 
As shown in Table 3, when FBF was calculated over the first cardiac cycle during venous 
occlusion, the between-trial reproducibility for FBF in the present study was between 12.7 ± 
6.6 % for the 15 % MVC workload and 22.9 ± 9.9 % for the 45 % MVC workload and while 
there was a tendency for the reproducibility to be better at the lower workloads, the difference 
did not reach significance (P=0.102).  The reproducibility was similar when measured from a 
single cardiac cycle compared with two, three, or four cardiac cycles for the mild to moderate 
workloads, but at the highest workload the reproducibility tended to improve when more 
cardiac cycles were included, but again, this was not significant (P=0.059). The inclusion of 
more subjects would have undoubtedly resulted in the reproducibility results achieving 
statistical significance and is a limitation of the current study.    
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Summary 
The present study has demonstrated that while VOP can be used to measure the high rates of 
arterial inflow associated with handgrip exercise, the window for measurements is small, 
perhaps as brief as a single cardiac cycle following exercise.  At mild to moderate intensity 
workloads the reproducibility of the technique is not compromised by determining FBF over 
such a short interval.  
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List of Tables 
 
Table 1.  FBF calculated from the slope over the first, second, third, and fourth cardiac 
cycles during venous occlusion.  
CC – cardiac cycle. Data are blood flow in mL.min-1.100 mL-1.  The percentages represent the 
reduction in FBF compared with slope measured from CC1.  * lower than CC1 (P < 0.05) 
 
Table 2.  FBF calculated from the cumulative slope over the first one, two, three, or four 
cardiac cycles during venous occlusion. 
CC – cardiac cycle. Data are blood flow in mL.min-1.100 mL-1.  * lower than CC1 (P < 0.05) 
 
Table 3.  The within-day reproducibility of FBF. 
CV % - coefficient of variation.   
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List of figures 
 
Figure 1.  Measurement of slope over each of the first four cardiac cycles during venous 
occlusion (Panel A) and measurement of the cumulative slope over the first four cardiac 
cycles during venous occlusion (Panel B). 
CC – cardiac cycle. Data are blood flow in mL.min-1.100 mL-1 from a representative 
participant following dynamic handgrip exercise at 45 % MVC.     
 
Figure 2.  The percentage reduction FBF calculated from slope over two, three, or four 
cardiac cycles compared to the first cardiac cycle only during venous occlusion at rest, 
and following handgrip exercise at 15, 30, 45, and 60% MVC. 
CC – cardiac cycle. *P < 0.05 versus the FBF from the first cardiac cycle only. 
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Table 1 
 
Cardiac 
cycle 
Workload (% MVC) 
Rest 
(n=7) 
15 
(n=7) 
30 
(n=7) 
45 
(n=7) 
60 
(n=6) 
CC1  2.5 ± 0.5   16.5 ± 5.6   24.9 ± 9.4   44.1 ± 22.0   57.8 ± 14.9  
CC2  2.7 ± 0.6    18 ± 34 %  13.3 ± 4.5  -19 ± 15 %  17.4 ± 8.5  -32 ± 15 %*  27.8 ± 13.2  -35 ± 20 %*  28.9 ± 12.9  -52 ± 11 %* 
CC3  2.3 ± 0.6  -1 ± 21 %  10.4 ± 5.4  -39 ± 13 %*  12.9 ± 6.8  -48 ± 15 %*  17.8 ± 8.0  -58 ± 13 %*  18.3 ± 8.4  -69 ± 12 %* 
CC4  2.7 ± 0.7  19 ± 28 %  8.8 ± 4.3  -47 ± 14 %*  9.9 ± 7.3  -61 ± 17 %*  12.9 ± 6.6  -68 ± 18 %*  12.1 ± 7.7  -80 ± 11 %* 
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Table 2 
 
Cardiac 
cycle 
Workload (% MVC) 
Rest 
(n=7) 
15 
(n=7) 
30 
(n=7) 
45 
(n=7) 
60 
(n=6) 
CC1  2.5 ± 0.5  16.5 ± 4.9  24.9 ± 9.4  44.1 ± 22.0  57.8 ± 14.9 
CC1-2  2.4 ± 0.5  14.9 ± 4.9  21.2 ± 8.8*  35.9 ± 16.8  43.4 ± 13.7* 
CC1-3  2.4 ± 0.5  13.4 ± 4.9*  18.4 ± 7.8*  29.9 ± 13.7*  35.0 ± 11.4* 
CC1-4  2.3 ± 0.5  12.2 ± 4.7*  16.3 ± 7.5*  25.7 ± 11.5*  29.3 ± 10.4* 
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Table 3.   
 
Cardiac 
cycle 
Workload (% MVC) 
15 30 45 
CC1 12.7± 6.6 16.2 ± 7.3 22.9 ± 9.9 
CC1-2 14.2 ± 9.3 15.9 ± 6.0 22.1 ± 9.5 
CC1-3 17.4 ± 10.5 14.5 ± 7.8 20.4 ± 9.4 
CC1-4 10.7 ± 7.0 15.6 ± 7.0 19.8 ± 8.2 
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